Stimulation of cardiopulmonary receptors with phenylbiguanide (PBG) elicits depressor cardiovascular reflex responses, including decreases in blood pressure and heart rate mediated by the brainstem parasympathetic cardiac neurons in the nucleus ambiguus (NAmb). The present study examined NAmb neurotransmitter mechanisms underlying the influence of electroacupuncture (EA) on the PBG-induced hypotension and bradycardia. We hypothesized that somatic stimulation during EA modulates PBG responses through opioid and γ-aminobutyric acid (GABA) modulation in the NAmb. Anesthetized and ventilated cats were studied during repeated stimulation with PBG or cardiac vagal afferents while low frequency EA (2 Hz) was applied at P5-6 acupoints overlying the median nerve for 30 min and NAmb neuronal activity, heart rate and blood pressure were recorded. Microinjection of kainic acid into the NAmb attenuated the PBG-induced bradycardia from -60±11 to -36±11 beats/min. Likewise, EA reduced the PBG-induced depressor and bradycardia reflex by 52 and 61%, respectively. Cardiac vagal afferent evoked preganglionic cellular activity in the NAmb was reduced by EA for about 60 min. Blockade of opioid or GABA A receptors using naloxone and gabazine reversed the EA-related modulation of the evoked cardiac vagal activity by 73 and 53%, respectively. Similarly, naloxone and gabazine reversed EA modulation of the negative chronotropic responses from -11±5 to -23±6 and -13±4 to -24±3 beats/min, respectively. Thus, EA at P5-6 decreases PBG evoked hypotension and bradycardia as well as the NAmb PBG sensitive preganglionic cardiac vagal outflow through opioid and GABA neurotransmitter systems.
Introduction
Cardiovascular and autonomic nervous system abnormalities affecting blood pressure, including elevations in blood pressure, can be improved with electroacupuncture (EA).(10; 21) Additionally, reflex increases in sympathetic activity are reduced by EA in both patients and experimental studies. (20; 34) Thus, sympathoexcitatory-induced increases in blood pressure are reduced by EA at P5-6, which overlie the median nerves. (35) We have shown in a series of studies that several neurotransmitter systems, including opioids and (-aminobutyric acid (GABA) participate in the inhibitory influence of acupuncture. (11; 12; 33; 39) The rostral ventrolateral medulla (rVLM) and nucleus râphe pallidus (NRP) in the brainstem, which regulate sympathetic outflow, receive input from P5-6, two acupoints that exert strong cardiovascular actions.(24; 28) Thus, EA reduces premotor sympathoexcitatory cardiovascular rVLM neuronal activity which, in turn, decreases reflex elevations in blood pressure. (34; 36) Despite this large body of evidence showing that EA regulates blood pressure through its action on the sympathetic nervous system, there is less information about its action on the parasympathetic system. (42; 43) EA can modulate decreases in blood pressure. In this regard, acupuncture appears to be able to partially reverse experimental hemorrhagic hypotension (32) and nitroprusside induced hypotension (47) . Preliminary studies also suggest that EA can reduce gastric distention-induced hypotensive reflex responses. (14) The mechanisms by which EA influences central processing to reverse the hypotensive responses are unclear.
functions as an inhibitory neurotransmitter (29) to increase heart rate. (9) Enkephalin microinjected into the NAmb in contrast decreases heart rate.(1) Additionally, we recently have shown that cholinergic preganglionic parasympathetic neurons in the NAmb activated by EA are situated in close proximity to fibers containing enkephalin, suggesting the potential for interaction. (13) These studies suggest that modulation of NAmb neuronal activity by EA may reduce PBG-induced bradycardia and cardiac vagal evoked activity in the NAmb, possibly through an opioid or a GABAergic mechanism. In the present study, we therefore hypothesized that EA is capable of reducing the bradycardia and hypotension evoked by stimulation of the Bezold-Jarisch reflex through its action on neural processing in the NAmb.
We further hypothesized that opioids and GABA in the NAmb participate in EA modulation of the PBG-related cardiovascular inhibition.
Materials and Methods

Surgical Procedures
The animal use and care committee at the University of California, Irvine, approved all surgical and experimental protocols of this study. All procedures were carried out in accordance with the US Society for Neuroscience and the National Institutes of Health guidelines. The minimal possible number of cats was used to obtain reproducible and statistically significant results. Cats of both sexes were preanesthetized with ketamine (40 mg/kg, sc). A femoral vein and artery then were cannulated for administration of drugs and fluids and measurement of arterial blood pressure (Statham P 23 ID, Oxnard, CA, USA).Subsequently, α-chloralose (50 mg/kg) was administered intravenously. To maintain adequate depth of anesthesia, supplemental α-chloralose (5-10 mg/kg, i.v.) was given if the animals exhibited a corneal reflex, withdrew a limb in response to a noxious stimulus during the experiment or displayed an unstable respiratory pattern or blood pressure. Heart rate (HR) was derived from the arterial blood pressure pulse by a biotech (Gould Instrument, Cleveland, OH, USA). Blood pressures and HRs were recorded and analyzed offline with a Pentium IV computer and CED Spike 2 Windows software. Intubation of the trachea facilitated artificial respiration of room air enriched with oxygen (Harvard pump, model 662, Ealing, South Natick, MA, USA). Arterial blood gases were examined frequently (Radiometer, Model ABL-3, Westlake, OH, USA) and were maintained within the normal physiological range (PO 2 , 100-150 mmHg; PCO 2 , 28-35 mmHg; pH 7.35-7.45) by intravenous administration of 8% sodium bicarbonate or by adjusting the ventilator. Body temperature was maintained between 36 and 38 ºC with a heating pad and an external heat lamp.
The femoral vein was cannulated to position the tip close to the right ventricle for delivery of PBG. A lateral thoracotomy was performed between the right fourth and fifth ribs.
Ribs were cut to access the cardiac branch of the vagus nerve. To confirm isolation of the cardiac branch, a bipolar flexible platinum electrode was placed around the nerve and transiently stimulated to elicit a decrease in heart rate. To quantify neuronal activity in the NAmb, the stimulating electrode was connected to an isolation unit and a stimulator (Grass, model S88) and was held in place with hypoxy dental glue (Pentron, Wallington, CT). The thoracic wall was closed to prevent desiccation and heat loss. A craniotomy was performed after the animal was stabilized with a Kopf stereotaxic head frame to expose the dorsal surface of the medulla to access the NAmb.
Microinjection electrodes consisting of a guide tube with an outer diameter of 0.75 mm and an injection cannula with an inner diameter of 0.4 mm were inserted into the NAmb to examine the inhibitory cardiovascular responses. The electrode was connected with fluid filled tubing to a 1 µl Hamilton syringe that we used to deliver a volume of 50 nl. A threebarrel glass pipette electrode was used to evaluate neuronal activity and iontophorese antagonists. One barrel of the glass pipette electrode was filled with saline or the GABA A receptor antagonist (gabazine). The other two barrels contained a platinum recording electrode with 0.5 M sodium acetate containing 2% Chicago sky blue (Sigma Chemical, St Louis, MO) and 3 M NaCl to balance the current. Using coordinates taken from Berman's atlas(5), a three-barrel glass pipette or microinjection electrode was positioned perpendicularly to the dorsal surface of the medulla, 0.5 mm rostral and 3.5 mm lateral to obex, and advanced ventrally approximately 3.7 mm to reach the NAmb. Insertion of an electrode within the NAmb was confirmed with microinjection of 50 nl DLH (4 nM), which typically decreased heart rate ~15 bpm. We found that unilateral insertion of the electrode allowed maintenance of a physiologically more optimal condition than with bilateral electrode insertion. At end of experiment, the recording and microinjection sites were marked with Chicago blue dye for later histological confirmation following administration of drugs into the NAmb. Acupuncture needles were inserted bilaterally to a depth of about 4 mm at the Neiguan-Jianshi acupoints (P5-6). Needles at these acupoints were located 2-3 cm proximal to the flexor crease on the cat's wrist and were separated by 5-7 mm. They were connected to an isolation unit and stimulator (Grass, model S88) to deliver bipolar stimuli.
Methods of Blockade
The importance of the NAmb in the PBG response was determined by microinjecting kainic acid (KA, 1 mM, 50 nl) (36) 
Extracellular NAmb Recordings
Single-unit activity of NAmb neurons was recorded with a platinum electrode inserted into a three-barrel pipette positioned in the NAmb. Action potentials were amplified with a preamplifier (Grass P511), attached to a high-impedance probe (Grass H1P5), then filtered 
Experimental Protocols
Effects of EA on PBG evoked reflexes
To decrease repeatedly blood pressure and heart rate, cardiopulmonary afferents were activated with intravenous injections of PBG every 10 min. Maximal decreases in blood pressure and heart rate were evaluated as the difference between mean arterial blood pressure (MAP) and heart rate before application of PBG and the lowest MAP and heart rate during reflex stimulation. We first examined for consistency of hemodynamic responses to PBG in a group of five animals. In six other subjects after obtaining two repeatable responses, eight additional PBG reflex responses were evaluated during and after 30 min of EA. As a control, for receptor blockade studies, saline (50 nl) was microinjected into the NAmb after the end of EA.
Role of NAmb in cardiopulmonary reflex
Reflex decreases in blood pressure and heart rate were induced with intravenous injection of PBG every 10 min. Kainic acid was microinjected after two repeatable decreases in blood pressure and heart rate in six animals.
NAmb opioid and GABA systems in EA cardiopulmonary reflex modulation
Opioid and GABA A receptors in the NAmb were blocked to evaluate their role in mediating the action of EA on hypotension and bradycardia. Similar to protocols used to evaluate influence of EA on PBG-evoked inhibitory reflex responses, either naloxone or gabazine was microinjected into the NAmb of twelve animals (six in each group).
Electrophysiological studies in NAmb
Neurons in the NAmb were activated every 10 min by stimulating the cardiac vagal nerve. Peristimulus histograms were constructed with bars representing evoked activity over and above the basal discharge rate. Each neuron was characterized by assessing input during median nerve stimulation at acupoints P5-6. We selected only cells that received input from baroreceptors tested by administration of nitroglycerin or phenylephrine. Each neuron displayed a cardiac rhythmicity determined by arterial pulse triggered averaging over a period of 5 min through analysis of the time and frequency domain relationships between blood pressure and cellular activity (pulse triggered activity and coherence, respectively). In some cases, we examined antidromically evoked activity in NAmb neurons, using a frequency of 2 Hz and pulse duration of 0.5 ms, to identify neurons that functioned as Regular responses to high frequency stimulation helped establish an absence of variable synaptic delay. Then, the neurons were evaluated for collision of cardiac vagal afferent evoked antidromic action potentials and median nerve-evoked orthodromic activity. The refractory period was measured to determine the critical time interval (latency plus refractory period) during which the ortho-and antidromic spikes can collide. The conduction velocity of preganglionic neurons was determined by dividing the distance between the recording and stimulating electrodes and the antidromic latency. Consistency of responses of five neurons was evaluated during repeated stimulation. In eight other subjects, after two consistent preganglionic neuron responses, 30 min of EA was applied followed by eight additional cardiac vagal stimulations.
NAmb neuronal response to PBG and EA
Cardiovascular NAmb neurons were examined for responsiveness to PBG. Four neurons were activated repeatedly by stimulation of cardiac vagal afferents before, during and after EA stimulation at P5-P6. The neurons also were responsive to baroreceptor stimuli.
NAmb opioid and GABA systems in EA modulation of neuronal activity
Cardiac vagal afferent evoked activity in the NAmb was evaluated repeatedly (every 10 min) before, during and after 30 min of EA. The influence of opioid or GABA A receptor blockade was assessed by iontophoresing saline, naloxone or gabazine immediately following termination of EA in twelve animals. In another group of eight animals, the effect of either antagonist was evaluated in the absence of EA to determine the roles of these neurotransmitters in the vagal evoked cellular response. The size of the multibarrel pipette used to record and iontophoretically deliver antagonists limited our ability to characterize preganglionic neuronal activity in these groups of neurons that meet all other criteria including convergence of median, cardiac vagal, and baroreceptor afferent inputs as well as cardiac rhythmicity.
Statistical Analysis
Data are presented as means±SEM. Peristimulus histograms were constructed to examine the level of evoked activity, measured as the increase in number of spikes above baseline following stimulation of the cardiac vagal afferents. We stimulated the nerve at a frequency of 2 Hz for a period of time (30 s) and analyzed two consecutive 15 s periods (30 stimuli) of the recording that then were averaged to determine the level of evoked activity.
Changes in mean arterial pressure and heart rate are presented as bar histograms. The increase in cellular activity and decreases in blood pressure and heart rate before and after delivery of experimental drugs or saline were compared by one-way repeated measures ANOVA followed post hoc with the Student-Newman Keuls test. In addition, we compared the saline vs. treatment (naloxone and gabazine) groups using a two-way ANOVA. Data were plotted and analyzed with the Kolmogorov-Smirnov test for normal data distribution and normalized when necessary with Sigma plot and Sigma Stat (Jandel Scientific). The 0.05 probability level was used to detect significant differences.
We also evaluated time and frequency relationships between NAmb neuronal activity and arterial blood pressure using pulse-triggered averaging as well as coherence analysis.
Time domain analyses involved arterial pulse-triggered averaging. A threshold was set at the systolic phase of the arterial pulse for the former method while the latter used spike height discrimination and waveform recognition to sort action potentials during the evaluation period of 300 s. Averages of the arterial pulse and histograms of NAmb neuronal activity were constructed as in our previous studies. (24; 28) Frequency domain analysis involved assessment of the coherence between NAmb activity and arterial blood pressure using a Fast Fourier Transform (FFT) algorithm. We recorded data using a sampling rate of 10,000 Hz. Reconstructed data utilized every tenth sample, including assessment of the mean and peak amplitudes and the maximum and minimum slopes of the original spike to preserve the action potentials. The spikes were sorted and identified with a window discriminator to construct histograms prior to coherence analysis. The number of data sections (15-20 each lasting for 12. 
Results
Effects of EA on PBG evoked reflexes
The cardiovascular reflex responses to repeated stimulation of cardiopulmonary serotonin receptors with PBG every 10 min were consistent. Furthermore, baseline MAP and heart rate before the onset of each PBG administration were consistent throughout the protocol (Figs 1, left panels) . The cardiovascular responses to intravenous PBG were modulated by EA for at least 50 min. Application of EA, which was effective in about 75% of subjects, did not influence baseline blood pressure or heart rate. (25; 28; 33; 36; 39) Saline microinjected into the NAmb did not influence the response to EA (Fig 1, right panels) .
Gallamine triethiodide, used to inhibit muscle movement during stimulation of P5-6, did not affect the EA response.
Role of NAmb in cardiopulmonary reflex
Microinjection of KA that induces prolonged depolarization blockade of neurons in the NAmb reduced the inhibitory PBG-related chronotropic reflex response (Fig 2) . Similar to our previous studies employing kainate (25; 28; 38) , the action of kainic acid lasted approximately 10 min. However, the PBG-induced blood pressure response was not significantly affected by microinjection of KA into the NAmb.
Roles of Opioid and GABA systems in NAmb PBG-cardiovascular responses during EA
As noted in section on PBG evoked reflexes, stimulation of the median nerves (P5-6)
by EA reduced PBG-evoked inhibitory responses for at least 50 min. Microinjection of naloxone transiently increased heart rate by 15±5 beats/min in three cats and decreased heart rate by -13±4 beats/min in three other cats, but overall the heart rate remained constant.
Heart rate had returned to normal resting levels by the time PBG was administered.
Naloxone reversed the chronotropic action of EA, but did not significantly influence EA's action on the blood pressure response (Fig 3) . The two-way ANOVA confirmed a significant difference in heart rate response to PBG comparing the saline control with naloxone. The duration of naloxone's action on the EA response lasted for at least 10 min, as shown in a previous study. (33) Microinjection of gabazine altered baseline heart rate (-6±3 beats/min) transiently in six animal. Heart rate was restored to normal level prior to PBG induced reflex response.
Similar to our observations with opioid receptor antagonism, blockade of NAmb GABA A receptors reversed EA modulation of the bradycardia for at least 10 min but did not significantly alter EA's action on the PBG-induced depressor response (Fig 4) . As with naloxone, two-way ANOVA demonstrated a significant difference in heart rate response to PBG in the saline vs. gabazine group.
Nucleus Ambiguus neuronal activity during EA
Neurons in the parasympathetic nucleus were characterized prior to examination of their responses to repeated stimulation of cardiac vagal nerve and EA. Basal activity was 3.4 ±0.5 spikes/s. We identified 37 NAmb neurons that received convergent input during both P5-6 (median nerves, Fig 5A) and cardiac vagal nerve stimulation. All neurons were responsive to activation of baroreceptors (Fig 5C and F) and displayed cardiac rhythmicity (Fig 5B and D) . We examined seventeen neurons to determine if they directly projected to the heart. Eight of the seventeen, all of which were responsive to EA could be driven antidromically, displayed high fidelity discharge upon rapid stimulation and a constant latency, and therefore were classified as preganglionic NAmb neurons (Fig 5E) . EA reduced the cardiac vagal nerve evoked activity of the preganglionic NAmb neurons for at least 30 min during and after EA (Fig 6B) . In the absence of EA, stimulation of the cardiac vagus nerve consistently activated NAmb neurons (Fig 6A) .
NAmb neuronal response to PBG and EA
All four of four NAmb neurons were activated by PBG as well as by EA stimulation of the median nerve at P5-6, cardiac vagal afferents and baroreceptors. They also displayed pulse related activity. Figure 7 shows PBG-related activation of a NAmb neuron that also responded to EA.
Role of GABA in NAmb neuronal activity during EA
As noted in section on PBG-cardiovascular responses, we observed that GABA receptors in the NAmb participate in EA modulation of the cardiopulmonary reflex responses.
Similarly, GABA A receptors in eight NAmb neurons were shown to be involved in the neuronal responses to acupuncture. Thus, blockade with gabazine reversed EA inhibition of the neuronal discharge activity activated by stimulation of cardiac vagal afferents (Fig 8 A 2 and Fig 6C) . In contrast, gabazine did not influence baseline or evoked activity in the absence of EA (Fig 8 A 1 ) .
Role of opioids in NAmb neuronal activity during EA
Application of EA for 30 min decreased NAmb evoked activity each of four cells.
Naloxone consistently reversed the influence of EA while in the absence of EA the antagonist did not alter the increased activity of four other NAmb neurons in response to stimulation of the cardiac vagal branch (Fig 8 B 1 and 2 ). Naloxone did not alter baseline discharge of these neurons.
Histology
We histologically confirmed that the sites of injection and recording were within the coordinates (3.5 mm lateral and 3.7 mm depth) of the inferior lateral region of the NAmb (Fig   9) as shown in Berman's atlas(5) by observing microelectrode tracks and location of dye injections. These sites were in the region that is known to contain the majority of cardiac vagal preganglionic neurons in the NAmb.(27; 44)
Discussion
We have shown in a series of studies that EA at acupoints P5-6, which provide significant input to the rostral ventrolateral medulla, (35) We demonstrated that GABA in the NAmb was involved in processing somatic input during EA but did not alter basal heart rate and neuronal activity. Application of a GABA antagonist into the NAmb did not alter cardiac vagal evoked activity while the bradycardia induced by activation of cardiopulmonary afferents was inhibited by EA through a GABAergic mechanism. Microinjection of GABA into the NAmb induces bradycardia suggesting that GABA tonically inhibits cardiac parasympathetic outflow from the NAmb.(26; 29; 46) Thus, in addition to opioids, a GABA mechanism during EA contributes to modulation of neurons in the NAmb that, in turn, reduce vagal outflow and the negative chronotropic response to PBGinduced stimulation of vagal afferents.
Neurons in the NAmb that were evaluated in this study and shown to participate in the cardiopulmonary Bezold-Jarisch reflex were classified as cardiovascular since they responded to baroreceptor input, had a pulse related rhythm and showed strong coherence to blood pressure. Baroreceptor-induced modulation of heart rate is known to be processed in the NAmb. (26) In addition to input from the median and cardiac vagal nerves, PBG stimulated some and many were preganglionic cardiac vagal neurons, since they could be driven antidromically from the cardiac vagus nerve. Due to technical limitations we were unable to attempt antidromic stimulation in a number of NAmb neurons, which were evaluated for neurotransmitter mechanisms of EA's action. We therefore cannot exclude the possibility that some neurons functioned as inter-rather than preganglionic neurons.
The NAmb is located in close proximity to the cVLM and it is thus important to be sure that we targeted the former rather than the latter nucleus. We used both physiological as well as anatomical data to confirm that the injections were confined to the NAmb. With respect to our physiological proof, we recently have shown that blockade of neurons in the cVLM during a depressor reflex in rats reduces the decrease in blood pressure but does not influence heart rate. (38) On the other hand, receptor blockade in the NAmb reduces heart rate but not blood pressure. Similarly, in the current study, blockade with naloxone or gabazine reversed the heart rate but not the blood pressure aspect of the reflex, suggesting that we influenced the NAmb and not the cVLM. Moreover, the microinjection or recording electrodes were advanced ventrally to a position of 3.7 to 3.9 mm from the dorsal surface of the medulla, coordinates that access the NAmb and not the cVLM according to Berman's cat atlas. (5) These results support proper positioning of the electrode in the NAmb, and most specifically in the ventrolateral region of the NAmb, which has the greatest concentration of vagal preganglionic neurons (27) , rather than in the cVLM. 
